Like other flagellates, Gonyaulax polyedra exhibits diurnal vertical migration and pattern formation. Shape and size of the aggregations depend on container type, light inten-
In one of the landmark papers of circadian biology, Jurgen Aschoff (1960) compared day-and night-active organisms with regard to the effects of environmental conditions (light intensity and temperature) on the free-running period and activity time. Two generalizations emerged, although it should be noted that Aschoff himself later dissociated himself from the strict interpretation of these generalizations as rules:
1. Night-active species, kept under constant conditions, have longer circadian periods with increasing intensity of light, whereas day-active ones have shorter periods with increasing intensity (later to be dubbed &dquo;Aschoff's s rule&dquo;). 2. Organisms that become more active at higher but still physiological temperatures also shorten their circadian period and lengthen their activity time, whereas those that become less active show the opposite reaction. In most cases, day-active species exhibit more activity and shorter periods at higher temperatures, and most night-active organisms behave in the opposite way. Aschoff (1960, p. 18) noted that the unicellular alga Gonyaulax polyedra seems to be something of an exception, for by the rule concerning the effects of light intensity, Gonyaulax should be classified as a day-active organism, whereas by the temperature rule it shows the properties of a night-active organism. Aschoff also had some doubts concerning his method for scoring activity (1960, p. 17) . The apparent dichotomy in the classification of Gonyaulax was recently supported by the demonstration that the circadian period shortens with increasing intensity of blue light (day-active), but lengthens when red light is used (night-active) (Roenneberg and Hastings, 1988) . In both these spectral effects and the data referred to by Aschoff, the measurements of &dquo;activity&dquo; were of bioluminescence, which occurs during the night phase. In the study described here, we report that there is indeed a pronounced daytime activity of swarming and pattern formation in Gonyaulax, which ceases entirely during the night phase. This activity rhythm constitutes yet another &dquo;hand&dquo; of the clock, which can be used to gain an understanding of the circadian clock itself, as can other phenomena (e.g., bioluminescence, cell division, and photosynthesis) all apparently driven by the same oscillator (McMurry and Hastings, 1972; Johnson and Hastings, 1986) . The individual parameters that contribute to this swarming behavior and its circadian variations, such as motility, preferred swimming direction, buoyancy, changes in the microenvironment due to photosynthesis, and so on, are still unknown.
The phenomenon of pattern formation in motile microorganisms has been known for quite some time (Teodoresco and Angelescu, 1941; Loefer and Mefferd, 1952) , and several mathematical models have been put forward to account for it (Platt, 1961; Plesset and Winet, 1974; Levandowsky et al., 1975; Kessler, 1985; Harashima et al., 1988) . Daily variations in motility and vertical migration have been previously described for many unicellular organisms (Euglena, Brinkmann, 1966;  Gonyaulax tamarensis, Anderson and Stolzenbach, 1985; G. polyedra, Hasle, 1950; Gyrodinium, Kamykowski et al., 1988; Noctiluca, Uhlig and Sahling, 1982; Paramecium, Hasegawa and Tanakadate, 1987; Peridinium, Sibley et al., 1974; Tetrahymena, Wille and Ehret, 1968 ). The daily changes in behavior have usually been attributed to environmental factors such as temperature and light (Hand et al., 1965; Forward, 1976; Kamydowski et al., 1988) , nutrient gradients (Cullen and Horrigan, 1981; Ballek and Swift, 1986) , gravity (Roberts, 1970) , and predation (Gliwicz, 1986) .
Only a few studies (Wille and Ehret, 1968; Foward, 1976) have focused on the role of the circadian clock in the control of the swimming behavior of unicellular organisms. ,
MATERIALS AND METHODS
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CULTURES AND RECORDINGS Cells were grown in 2.8-liter Fembach flasks in culture rooms under a light-dark cycle (LD 12:12; approx. 100 ,...E x m-2 x sec-1) at 21 °C in 1-liter volumes of a modified seawater medium (Guillard and Ryther, 1962) . For observations, cultures were diluted to a density of 4-6 x 103 cells/ml (counter model ZBI; Coulter Electronics Inc., Hialeah, FL); 40 ml were dispensed to disposable 10-cm Petri dishes and maintained in a temperature-controlled room (22° ± 1°C). A video camera (Sony TRINICON DXC-1800; lens, Canon TV ZOOM No. 101251 with macro capabilities) was used for filming ( Fig. 1 ). Recordings were made with a time-lapse recorder (Panasonic, model NV 8050a) with a time reduction of 120 (12 min = 24 hr). Local time and date, generated by an internal clock of the recorder, were displayed on the screen and recorded on the videotape.
Light was provided from one side by fluorescent tubes placed about 7 cm from the Petri dish. Stray light was reduced by an enclosure lined with black velvet. Cycles were controlled with a timer (Flexopulse, Eagle Signal Coop., Moline, IL) capable of controlling two switches, so that periods and photofractions thereof could be set independently and different from 24 hr. To allow visual evaluation during the full cycle, white fluorescent light was provided during the day and red fluorescent light during the night phase. Light intensities were measured with a quantum sensor (LiCor LI-192S, LiCor Inc., Lincoln, NE). In the case of entrainment experiments, intensities ranged from 24 to 16 J.LE x m-2 x sect across the dish in white and from 9 to 4 p<E x m -x sec -1 in red light. EVALUATION Recordings of completed experiments were copied on second tapes with some further time reduction (maximum: 20 sec = 24 hr) and evaluated by visually estimating FIGURE 1. Diagram of the recording setup. Distances are not to scale. The dish was placed approximately 7 cm from the light source, and the lens of the camera was approximately 25 cm from the glass plate supporting the dish. the size of the aggregations or by counting their number. Under conditions of constant light, with the recording sensitivity calibrated, the size of each individual cell aggregation could be measured at any time. Activity and rest were therefore distinguished by aggregation size: The rest time of the cycle was defined as times when the largest cell aggregation in the dish was smaller than a given radius or none were present.
The number of cell aggregations per hour was used to distinguish between activity and rest in cultures maintained under white-red (WR) light cycles, since the actual aggregation size cannot be readily estimated under dim red light. In the case of long experiments, the number of aggregations tends to increase over time. Activity times (a) were therefore defined as the times when the number of aggregations was above the trend, calculated by a centered moving average (cMA). The window size of the cMA was chosen such that the trend was free of any significant rhythmicity. In addition, the time series were smoothed with a cMA of 11 hr, which is shorter than the shortest WR cycle (T = 12 hr) presented.
Period lengths were determined either by performing linear regression through the onsets and/or offsets of activity or by sampling the time series with various window sizes (10-36 hr) and comparing the amplitudes of the cosine functions fitted to the values of each window (periodogram). The activity distribution under different light cycles was determined by an &dquo;activity check&dquo; (similar to the &dquo;bed check&dquo; used by Strogatz, 1986) . The probability of activity was checked for each hour of the light cycle (e.g., if a given hour of the light cycle contained activity throughout all cycles of the light regimen, the probability was defined as 100%).
RESULTS
Cultures in Petri dishes, filmed from below, have proved to be excellent for recording the complex daily behavioral changes in populations of Gonyaulax polyedra (Fig.  1 ). During the nighttime, the population appears to be immotile, forming a thin but dense &dquo;lawn&dquo; at the bottom (Fig. 2b , left dish). In the early morning, before lightson, cells rise toward the surface and aggregate in dense clusters, where the cells move with high speed. Size and shape of these clusters depend on light intensity, cell density, and type of container, including water depth. In large culture flasks or beakers, G. polyedra forms vertical bands ( Fig. 2a ); in Petri dishes, cells aggregate in ovoid swarms (Fig. 2b , right dish). Smaller swarms appear frequently throughout the dish, commonly fusing with the larger ones (Fig. 2c ). In dishes illuminated from the side, the principal swarm usually appears at the same location within the dish every cycle; its distance from the light source depends on intensity (Fig. 3 ). Typical swarms occur only in a limited range of intensities (approx. ~,E x m-2 x sec-1). In both dimmer and brighter light, cultures still display a clear aggregation rhythm, but the pattern is different: Cells form vertical bands as they do in the large Fernbach flasks with light provided from below (approx. 100 J.LE x m-2 x sec -1).
Swarms have a distinctly dynamic structure: Cells move downward in the dense core, and rise back to the surface in the periphery (see inset in Fig. 3 ). At dusk, cells fall to the bottom of the dish, concentrating to one side. This migration is indepen-FIGURE 2. Aggregations of Gonyaulax polyedra. In larger containers (such as in Fembach flasks or beakers), cells form vertical bands during the day which can be seen from the side or from below as streaks ( Fig. 2a ). In Petri dishes, nighttime cells form a &dquo;lawn&dquo; at the bottom (Fig. 2b , left dish) and aggregate in dense swarms during the day (Fig. 2b , right dish). When illuminated from the side, a major swarm forms each cycle at the same location; smaller swarms appear frequently throughout the dish, commonly fusing with the larger ones ( Fig. 2c ; left, 20:39 hr; middle, 20:59 hr; right, 21:09 hr). dent of the direction of the light source and occurs in LD as well as in constant light (both white and red). The local concentration of cells is apparently guided by light intensity, since the nocturnal &dquo;lawn&dquo; always forms toward the light, when the source is provided from the side. This phototopotaxis is apparently independent of intensity, over the range measured (10-150 liE x m-2 x sec-'). Compared to the highly active daytime swarms, the nighttime lawn shows no population activity. However, under constant light and a large time reduction, the size of the &dquo;lawn&dquo; can be seen to pulsate throughout the subjective night in an hourly rhythm.
The daily rhythms of population activity and of pattern formation are under circadian control. Under LD 12:12, the upward movement and subsequent pattern formation anticipate the onset of light, in culture flasks as well as in Petri dishes (see also top of Fig. 6 , below); likewise, swarming activity ceases in anticipation of the beginning of the dark phase. These rhythms persist under constant-light conditions. Figures 4a and 4b show a free run where the period (T) is approximately 22.5 hr (average light intensity 40 p,E x m-2 x sec -1). This T is comparable to the period length measured for the bioluminescence rhythm of G. polyedra under similar light and temperature conditions (Broda et al., 1986) . In the top panel of Figure 4a , the time series of this free run (evaluated by the counting method; see &dquo;Materials and Methods&dquo;) is shown, together with the trend (cMA = 23 hr). Trend-corrected data (middle panel) were smoothed (cMA = 11 hr, bottom panel). Activity (a) and rest (p) of the population behavior were then defined by the number of aggregations relative to the trend (above trend = a, below trend = p). In Figure 4b , the rhythm is shown with the help of a bars (average length of a, 10 hr; a/p ratio, 0.8), and the evaluations made by counting swarms are compared with those determined by swarm size. For the main part of the experiment, the different methods lead to the same result, although some discrepancies are found at the beginning and end of the time series. The precisions of the onsets and offsets of a appear comparable in this experiment. However, observations from other experiments under constant conditions have shown that aon tends to be more precise than aoff.
To investigate noncircadian influences of light cycles, cells were subjected to WR cycles outside the expected range of entrainment (WR 6:6 and WR 8:8), as shown in Figure 5 . Under WR 6:6, cells appear to entrain to the multiple of T and display a T of 24 hr. For the first three cycles of the WR 8:8 light regimen, cells are apparently free-running with an average T of about 23 hr. The culture then appears to entrain to T = 16 hr during later cycles, with relatively more swarms in the red phase of the cycle. However, the cell density was very high toward the end of this experiment (> 104 cells/ml), which led to the formation of a large area of more or less fused clusters (see inset in Fig. 5 ). We have observed in other experiments that fusion of separate swarms depends on the time of day as well as on light. If highly dense cultures are subjected to short alternations of different light phases, aggregations can be found throughout the cycle fusing more readily during the light and breaking up into smaller clusters during the low-intensity red phases. Under these conditions, the counting method leads to a misrepresentation of activity and rest times, and thus the apparent entrainment to a 16-hr cycle may be an artifact.
We therefore examined the entrainability of the swarming rhythm to WR cycles while keeping the cell density below 6 x 103 cells/ml. A large culture flask was kept under the same conditions as the Petri dish. This culture was regularly diluted with medium to maintain a low density, and the subculture being filmed was replaced with cells from the culture flask as needed to keep the density constant. As found before, such an exchange had no apparent effect on the rhythm.
Under these conditions, we were able to record the activity rhythm for more than 2 months under different (symmetrical) T cycles ( Fig. 6 ; times of culture replacements are indicated by asterisks). Under T = 24 hr, aon precedes lights-on by approximately 2 hr (since the light cycle at the outset of this experiment was delayed by 2 hr with respect to the one in the culture room, the rhythm initially shows transients). T = 20 hr is still able to entrain the rhythm, but aon shifts to the beginning of the light phase. Under T = 16 hr and shorter light cycles, the activity rhythm apparently runs free with relative coordination (von Holst, 1939) to the light changes. The oblique line represents the period of 23 hr, analyzed by periodogram (days 15 through 52; see inset in Fig. 6 ). Entrainment to multiples of T is suggestive under T = 14 hr and T = 13 hr and becomes evident under T = 12 hr, as was shown in the previous experiment (Fig. 5 ). During the last week of the experiment, the culture was kept in constant dim white light. The periodogram of this free run estimates a period of 23-24 hr which is slightly longer than in several other experi-FIGURE 5. The activity rhythm under white-red (WR) cycles outside of the expected range of entrainment evaluated as described for Figure 4a (intensity ranges across the dish, )JLE x m -x sec -1 in white and 9-4 wE x m -x sec -' in red light; 22° ± 1°C). Under WR 6:6, the rhythm entrains to 24 hr. Under WR 8:8, a free-running rhythm is apparent at lower cell densities. Note the number of aggregations in comparison to Figure 4a . At high densities (> 104 cells/ml), aggregations are found more or less throughout the day, but individual swarms fuse during the light phases to a large aggregate (see inset), thereby reducing the number of aggregations. ments recorded in dim white light; this could be due to aftereffects of the previous light regimens. In Figure 7 , the activity rhythm shown in Figure 6 is replotted, with the time base on the abscissa corresponding to the respective light cycles (in normal hours). The estimated free-running period of 23 hr (see Fig. 6 ) is indicated by oblique lines. It is evident, especially under T = 16 hr, that the rhythm is mainly driven by the free-running circadian oscillator and to a lesser extent by the light cycles. Although the actogram for T = 15 hr resembles a state of stable entrainment, a times longer than 3 hr appear at regular intervals every other cycle indicating relative coordination. Periodograms of T = 15 hr to T = 13 hr still show the free-running period at about 22-23 hr.
The population is apparently more frequently active during the times of white FIGURE 6. A culture was kept under different symmetrical WR cycles for more than 2 months. The density (~6 x 103) of a culture in a Fembach flask, kept under the same conditions as the filmed sample, was held constant by regular dilution with fresh medium. The filmed culture in the dish was exchanged (*) as needed to keep density stable (i.e., the number of aggregations below 20). On day 58 the culture was released into constant dim white light. The inset shows the periodogram for days 15-52. The dominant period of 23 hr is indicated by the oblique line on the main part of the figure. light than during red light (Fig. 7) . We have therefore estimated the probability for activity by an &dquo;activity check&dquo; (see &dquo;Materials and Methods&dquo;). In case of stable entrainment, probabilities alternate between 0% and 100%, with phase relationships to the zeitgeber changing as a function of the T/T ratios (top two traces in Fig. 8a ). For the nonentrained states (as for T = 16 hr to T = 12 hr), the range of probability is smaller. The distributions for nonentrained states also show a systematic phase angle difference depending on the T-cycle period (indicated by the line through the highest probabilities in Fig. 8a ). In Figure 8b , activity probabilities for T = 12 hr are recalculated on a 24-hr time base. The probability range of 75% (vs. 30% for the 12-hr time base) indicates entrainment to 24 hr. Similarly, the probabilities for T = 16 hr, recalculated for a 23-hr time base (Fig. 8c ), indicate free run rather than entrainment (range for 23 hr time base, 95%; for 16 hr time base 60%).
DISCUSSION
The behavioral rhythm of Gonyaulax polyedra is a complex system of diverse but more or less interdependent phenomena, all apparently under the control of the circadian clock (see Fig. 3 ): FIGURE 7. In order to see a possible influence of the light changes (red light is indicated by shaded areas, and white by white), activity times (black bars) are double-plotted on the respective time bases of the WR cycles (in real hours). Oblique lines indicate the period of the endogenous rhythm (23 hr; see periodogram in Fig. 6 ).
1. Although individual cells, as observed under the microscope, swim during both day and night, the activity of individual cells is greater during the day, when swarming behavior is exhibited. The translational swimming speed is greater under light than during darkness in another dinoflagellate (Kamykowski et al., 1988) .
2. Cells migrate vertically; they are nearer to the surface during the day and sink to lower depths at night (to the bottom of the container, in Petri dishes as well as in large culture flasks or beakers). This vertical migration is independent of the direction of light; during the day, cells aggregate in near-surface swarms even if the light comes from below, and they sink to the bottom at night even when illuminated from above.
3. If the light is provided from the side, it can be seen that the cells' light response differs between subjective night and day. During the night, cells are found at the bottom concentrated toward the light source. This nocturnal phototopotaxis seems rather independent of light intensity. During the day, however, Gonyaulax .
-
, , FIGURE 8. The activity probability for each T cycle (see Fig. 7 ) was determined by an &dquo;activity check&dquo; (see &dquo;Materials and Methods&dquo;) and plotted twice for each cycle (Fig. 8a) . Under stable entrainment, the probability range is 0-100%. The ranges decrease progressively with T = 16 hr and shorter light cycles, indicating nonentrainment. In addition, the phase of the midpoint of maximal probability shifts to later hours with respect to the zeitgeber. The probability range for T = 12 hr is replotted with a 24-hr time base (Fig. 8b) , to illustrate synchrony with every second light cycle. Similarly, the probability for T = 16 hr is replotted with a 23-hr time base (Fig. 8c ), corresponding to the period length of the free-running oscillator (see Fig. 6 ).
appear to favor a certain intensity; a balance between phototropic and photophobic taxis results in the formation of swarms at defined loci. This phenomenon indicates that G. polyedra self-selects light intensity within certain limits. Although temperature gradients across the Petri dish are unmeasurably small, a possible involvement of minute temperature differences cannot be excluded. Yet the constant motion of contaminating dust particles in the filmed Petri dishes shows no systematic correlation with different light conditions and is independent of the stable location of the main swarm. This is a strong indication against a purely passive positioning of the swarms at defined locations due to physical conditions in the dish.
G. polyedra is a dominant species among the dinoflagellates responsible for red tides off the coast of California (Eppley and Harrison, 1975) , which form and disappear on a daily basis. The different circadian behavioral components observed in the laboratory may provide, in addition to the physical models (Wyatt and Horwood, 1973; Wyatt 1975 ), a biological model for the mechanisms underlying the red tide phenomenon. The stability of such aggregations seem to be favored by higher cell densities; physical phenomena such as convection and turbulence (Platt, 1961; Plesset and Winet, 1974; Levandowsky et al., 1975; Kessler, 1985) may confine the cells around the center of highly active aggregations, which themselves remain at relatively fixed locations.
The possibility of chemical signaling should also be considered. It has been reported that &dquo;red waters&dquo; contain heat-labile substances supporting algal growth (Sweeney, 1975) . However, attempts by us to demonstrate the existence of substances that might be involved in the clustering of cells and the frequent fusion between individual swarms have not been successful. Principal swarms reappear each cycle at the same loci (depending on light intensity), whereas at night cells migrate to a different but fixed area (independent of light intensity). Altogether, the few facts available favor physical rather than chemical explanations.
Daily differences in motility as well as vertical migration have been described for many other unicellular organisms (for references, see the introduction). Differences in light and temperature conditions (Hand et al., 1965; Forward, 1976; Kamykowski et al., 1988) , as well as vertical nutrient gradients (Cullen and Horrigan, 1981; Ballek and Swift, 1986) , have been proposed to be responsible for the daily patterns of phytoplankton behavior. Although such environmental factors certainly form the ecological frame to which such a behavior may have adapted, they are clearly not necessary for the circadian expression of this rhythm: G. polyedra continues to show its behavioral rhythms under constant conditions of light and temperature and in shallow Petri dishes, where nutrient differences between surface and bottom must be negligible.
The rhythm of this population behavior shows the common features of circadian systems: range of entrainment, phase angle differences, a/p ratios, and so forth.
Under the conditions used, the lower limit of entrainment lies below 20 hr. Under WR 8:8 and shorter light cycle, the rhythm shows relative coordination but is clearly not entrained (under these conditions, the periodogram shows the dominant period length to be about 23 hr). Under WR 6:6, the rhythm re-entrains to 24 hr. Experiments using stimulated bioluminescence as the rhythm measured have shown apparent entrainment and no frequency demultiplication with much shorter LD cycles (7:7, 8:8), but brighter light (Hastings and Sweeney, 1958, 1959) . The range of entrainment to different light cycles can be predicted from light phase response curves (PRCs), which are dependent upon the intensity of the light signals. Taking into account that stable entrainment can only be achieved at phases where the slope of the PRC lies between 0 and -2 (Pittendrigh, 1981) , our present results are in accordance with several PRCs established for the circadian rhythm of bioluminescence (white light pulses on dark background, Hastings and Sweeney, 1958; Hastings, 1964 ; bright white or blue light pulses on dim white or red background, Johnson and Hastings, in preparation; dark pulses on white background, Broda et al., 1986 ; red pulses on blue background, Roenneberg and Hastings, unpublished results) .
Although it has been shown that the alteration between white (or blue) and red light provides a strong signal for the circadian clock of Gonyaulax (Roenneberg and Hastings, 1988; and unpublished results) , contrast and length of the light pulses used here are not strictly comparable to the much brighter and shorter light pulses used in experiments to establish PRCs. In addition, the stimulus length (strength) was changed for each light cycle, since both light portions (white and red) were reduced symmetrically. The lower limit of entrainment at about 18 hr can therefore be only a crude estimate.
Under entrained conditions, the activity rhythm has a predictable phase relationship to its zeitgeber. However, systematic phase angle differences between activity times and light cycles of different frequencies persist, even when the circadian oscillator is evidently not entrained (Fig. 8 ). In addition, activity has a higher probability during white light than during red light. Although it cannot be ruled out that light has a masking influence on activity in addition to being a signal for the clock, the distribution and phasing of activity, relative to the light changes, can also be a result of relative coordination between the circadian oscillator and the respective zeitgeber. Similar activity distributions, similar phase angle differences, and a comparable range of entrainment can be achieved by computer models of the Gonyaulax clock (Roenneberg, unpublished results ).
The swarming activity described here is diurnal. However, it has been long known that these algae are also &dquo;active&dquo; during the night in their production of bioluminescence. The light emission involves spontaneous action-potential-triggered flashes (Eckert, 1965) , which are most frequent during the mid-dark phase, and a steady glow reaching a maximum shortly before subjective dawn. The daily endogenous control of different physiological activities is a common feature of all organisms with one or more circadian clocks and can be studied in Gonyaulax polyedra at the level of a single cell (McMurry and Hastings, 1972; Hastings and Krasnow, 1981) . Populations of these algae show also more complex circadian aspects commonly associated with higher organisms, such as distinct stages of activity and rest, different utilization of spatial environment during night and day, and other behavioral strategies such as swarming and self-selection of environmental conditions (e.g., light intensity). Yet little is known about the circadian control mechanisms of these behavioral strategies, which appear to be basic and cellular features, independent of the development of a nervous system. Even if the molecular mechanisms that generate circadian oscillations were to be elucidated, intriguing questions would remain to be answered: How does such a clock regulate distinct stages of activity and rest? How are different activities accurately distributed along the &dquo;chronoecological space&dquo; of a circadian day? Among many other approaches, clock mechanisms are currently investigated using single brain cells, such as pinealocytes, in culture (Takahashi, 1987) . The unicellular organism Gonyaulax polyedra provides an excellent in vivo system not only for the cellular/molecular mechanisms of the biological clock, but also for its mechanisms of controlling different aspects of life: The generation of the rhythm and its entire control, up to the level of behavioral strategies, are integral parts of a single cell. These different levels can be studied without the complications of differentiated tissues and with the possibility of molecular experiments, which have already brought insight into the circadian control of the bioluminescent system of the alga.
